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Plants have evolved intricate defence mechanisms
to cope with the wide array of microbial pathogens
they encounter. The identification of Sgt1 as an
essential component of R gene-mediated disease
resistance suggests that the ubiquitin protein degra-
dation pathway plays an important role in plant
defence.
Ubiquitin-mediated proteolysis has emerged as a
central regulatory mechanism in a number of cellular
processes. Several key regulators of the cell cycle,
animal immune responses and multiple develop-
mental pathways are subject to ubiquitin-mediated
degradation [1]. Ubiquitin conjugation requires the
ATP-dependent activation of ubiquitin by a ubiquitin
activating enzyme (E1), and the subsequent transfer of
ubiquitin to a ubiquitin conjugating enzyme (E2). A
ubiquitin-ligase (E3) then facilitates the covalent
attachment of ubiquitin to specific substrates. Reiter-
ation of this E1–E2–E3 cascade results in the genera-
tion of a polyubiquitin chain on the substrate protein,
which is subsequently recognized and degraded by
the 26S proteasome.
Ubiquitin ligases act as specificity factors that iden-
tify targets for ubiquitylation. A large class of such E3s
are the ‘SCF’ complexes, which include the defining
subunits Skp1, a cullin and an F box protein, and
employ combinatorial control to regulate substrate
specificity [2]. The core of an SCF complex consists of
Skp1, cullin and Rbx1/ROC1; this core interacts with
various F box proteins, which act as adaptor subunits
that recruit specific substrates for ubiquitylation to the
SCF complex (Figure 1). In most cases, SCF substrates
must be phosphorylated before they are recognized
by their cognate F box protein.
Sgt1 was recently identified as a fifth subunit of SCF
ubiquitin ligases [3]. The SGT1 gene was isolated as a
high-copy suppressor of the G2 arrest phenotype
caused by the skp1-4 mutation in budding yeast. Sub-
sequent analysis revealed that Sgt1 interacts directly
with Skp1, and that sgt1 mutants are defective in the
SCF-mediated ubiquitylation of the cyclin-dependent
kinase inhibitor Sic1 and the G1 cyclin Cln1. In con-
trast to core SCF subunits, Sgt1 appears to be present
at substoichiometric levels. Two recent studies [4,5]
have shown that plant orthologs of Sgt1 are an impor-
tant component of R gene-mediated disease resis-
tance. These findings suggest that SCF-mediated
ubiquitylation may play an important role in the
disease resistance pathway in plants.
Plant disease resistance is mediated by specific
interactions between pathogen avirulence (avr) and
plant disease resistance (R) genes [6]. Loss of either
avr or R gene function confers disease susceptibility.
The major class of R genes encode cyctoplasmic pro-
teins resembling the Nod proteins associated with
animal immunity. These plant proteins have a central
nucleotide-binding site and carboxy-terminal leucine-
rich repeats (NB–LRR). They can be subdivided based
on their amino-terminal structure, with some contain-
ing a TIR domain similar to human Toll-like receptors,
and others having a coiled-coil motif (CC). 
The plant’s repertoire of R gene products act as a
surveillance system, which when pathogens are
encountered triggers disease resistance responses
including ion channel fluxes, localized programmed
cell death (the ‘hypersensitive response’) and an
oxidative burst producing reactive oxygen inter-
mediates. The signaling mechanisms linking these
responses to R proteins are largely undefined, but
several genes have been identified in recent years that
are believed to function downstream of pathogen
recognition. EDS1 and PAD4 encode lipase-like pro-
teins required for disease resistance mediated by TIR
domain R proteins, while NDR1 encodes a predicted
membrane protein involved in signaling by CC domain
R proteins [7]. The distinct requirements for different
sets of downstream gene products suggest that there
are at least two pathways triggered by R genes.
The barley RAR1 gene is required for resistance to
the powdery mildew fungus mediated by multiple R
gene products, including Mla6 and Mla12 [8]. RAR1
encodes a protein of unknown function containing two
zinc-binding domains, CHORD-I and CHORD-II. To elu-
cidate Rar1 function in disease resistance, Azevedo et
al. [4] used a yeast two-hybrid screen to isolate Rar1-
interacting proteins. This analysis identified two highly
related Arabidopsis proteins, Sgt1a and Sgt1b, that
exhibit approximately 30% amino acid identity with the
yeast SCF subunit Sgt1. This interaction was confirmed
in plant extracts by co-immunoprecipitation assays.
To investigate the role of Sgt1 in defence response,
Azevedo et al. [4] employed RNA inactivation (RNAi) in
barley, which unlike Arabidopsis has just a single
SGT1 gene. RNAi of either RAR1 or SGT1 conferred
marked reductions in Mla6-mediated resistance to
powdery mildew. Furthermore, co-silencing of RAR1
and SGT1 resulted in an additional increase in sus-
ceptibility, suggesting that these two gene products
cooperate in Mla6-triggered resistance.
These findings are complemented beautifully by 
the forward genetic approach of Parker and col-
leagues [5,9], who isolated rar1 and sgt1b mutants in
a screen for Arabidopsis mutants defective in Rpp5-
mediated resistance to the downy mildew pathogen
Peronospora parasitica. The sgt1b and rar1 mutants
exhibit increased susceptibility to mildew, and display
dramatic reductions in the hypersensitive response
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and accumulation of reactive oxygen intermediates.
These defects are further magnified in sgt1b rar1
double mutants.
Sgt1 and Rar1 are also required for signalling by
several other R proteins, in addition to Rpp5. But while
some systems require both Sgt1 and Rar1, others
require only one of the two, implying that Sgt1 and
Rar1 have cooperative as well as distinct roles in
disease resistance [5,9]. Consistent with this notion,
Sgt1 was found in two distinct complexes in barley
extracts [4]: one of these included Rar1, while the
second contained the SCF subunits Skp1 and Cul1.
(not present in Rar1-containing complexes). Thus,
some R-triggered pathways may involve an SCF-
mediated ubiquitylation step, whereas others require
the function of the Sgt1–Rar1 complex (Figure 2). 
This may account for the classes of Arabidopsis R
proteins that require both Rar1 and Sgt1b, or Sgt1b
alone, but not those that require only Rar1. Perhaps
the highly related Sgt1a protein can compensate for
the absence of Sgt1b in some R-triggered pathways.
Clarification may await the identification of Rar1’s bio-
chemical activity. Interestingly, immunoprecipitates
made with antibodies against either Rar1 or Sgt1
contain subunits of the COP9 signalosome [4]. The
COP9 signalosome is closely related to the lid sub-
complex of the 26S proteasome and has been linked
to ubiquitin-mediated degradation by evidence includ-
ing demonstration of a direct interaction between the
COP9 signalosome and ubiquitin ligases [10,11]. One
possibility is that Rar1, either by itself or as part of a
complex with Sgt1, also acts as a ubiquitin ligase.
Figure 1. The SCF ubiquitin ligase model.
F box proteins (F) act as adaptor subunits
that recruit specific substrates for ubiqui-
tylation to the SCF complex. In many
cases, the substrate must first be phos-
phorylated before it is recognized by its F
box protein.
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Figure 2. Dual roles for Sgt1 in R-
triggered disease resistance.
Sgt1 functions as an SCF ubiquitin-ligase
subunit with an unknown F-box protein.
Upon pathogen detection, R-mediated
signals target repressor(s) of disease
response for ubiquitin-mediated degrada-
tion (left). Other R proteins act through a
complex containing Sgt1 and Rar1 that
promotes disease resistance by an
unknown mechanism (right). Both Sgt1-
containing complexes interact with the
COP9 signalosome (CSN). The COP9 sig-
nalosome has been linked to some SCF
and RING finger-mediated ubiquitinylation
pathways, but its role in disease resis-
tance has not been examined.
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Curiously, Rar1 has two highly conserved zinc-binding
domains, though these do not resemble the zinc-
binding motif characteristic of the RING finger class of
ubiquitin ligases.
The identification of Sgt1 as a plant defence protein
raises the interesting possibility that the ubiquitin
pathway regulates at least a subset of R-mediated
defence responses. Little else is known about Sgt1 in
plants, but other SCF ubiquitin ligase subunits are
highly conserved in eukaryotes, suggesting that Sgt1
also functions as an SCF subunit in plants. The best
characterized SCF ubiquitin ligase in plants is the
SCFTIR1 complex, which regulates the auxin response
pathway [12,13]. The finding that sgt1b mutants exhibit
reduced auxin response strongly supports the hypoth-
esis that Sgt1 is required for SCF-mediated ubiquity-
lation in plants (P.R. Muskett, J.E. Parker and W.M.G.,
unpublished data).
The isolation of the F box protein(s) involved in
defence response and the identification of their
targets — which one would predict to be repressors of
disease resistance pathways — will be a giant step
forward in our understanding of R protein signaling.
Perhaps the take-home lesson from this most recent
discovery is that, with over 600 F box proteins and
nearly that many more predicted RING finger and U
box ubiquitin ligases encoded in the Arabidopsis
genome [14], we should probably not be too surprised
that the ubiquitin conjugation pathway regulates
disease resistance or any other signaling pathway in
plants. Future analysis may well reveal that ubiquityla-
tion plays as important  and general a role as phos-
phorylation and transcriptional control in plant cell
signaling.
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